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Interactions between motoneurons and muscles influence many aspects of neuromuscular development in all animals.
These interactions can be readily investigated during adult muscle development in holometabolous insects. In this study,
the development of the dorsolongitudinal flight muscle (DLM) and its innervation is investigated in the moth, Manduca
sexta, to address the specificity of neuromuscular interactions. The DLM develops from an anlage containing both regressed
larval template fibers and imaginal myoblasts. In the adult, each fiber bundle (DLM1–5) is innervated by a single
motoneuron (MN1–MN5), with the dorsal-most fiber bundle (DLM5) innervated by a mesothoracic motoneuron (MN5). The
DLM failed to develop following complete denervation because myoblasts failed to accumulate in the DLM anlage. After
lesioning MN1–4, MN5 retained its specificity for the DLM5 region of the anlage and failed to rescue DLM1–4. Thus
specific innervation of the DLM fiber bundles does not depend on interactions among motoneurons. Myoblast accumula-
tion, but not myonuclear proliferation, increased around the MN5 terminals, producing a hypertrophied adult DLM5.
Therefore, motoneurons compete for uncommitted myoblasts. MN5 terminals subsequently grew more rapidly over the
hypertrophied DLM5 anlage, indicating that motoneuron terminal expansion is regulated by the size of the target muscle
anlage. © 2001 Academic Press
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BINTRODUCTION
The development of a functional neuromuscular system
requires complex cellular interactions. Motoneurons must
recognize the developing target muscles, grow over the
muscle fibers, and form synaptic connections. At the same
time, the muscle must develop from the accumulation,
proliferation, and fusion of myoblasts. The development of
the adult neuromuscular system in holometabolous insects
provides a model to study many of these processes (re-
viewed in Consoulas et al., 2001). The tobacco hornworm,
Manduca sexta, has been especially useful for the study of
nerve–muscle interactions because most, if not all, mo-
toneurons that innervate the newly formed adult muscles
are respecified larval motoneurons (Levine and Truman,
1985; Kent and Levine, 1988; Thorn and Truman, 1989;
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348eeks and Ernst-Utzschneider, 1989; Duch and Levine,
000). As a consequence, unlike the embryonic develop-
ent of muscles in insects (Ho et al., 1983; Ball and
oodman, 1985; Bate, 1990) and in vertebrates (reviewed in
ossu et al., 1996; Hughes and Salinas, 1999), adult muscle
evelopment during metamorphosis occurs while in con-
tant proximity of the motoneuron endings (Stocker and
u¨esch, 1975; Heinertz, 1976; Nu¨esch, 1985; Truman and
eiss, 1995; Consoulas and Levine, 1997; Bayline et al.,
998; Fernandes and Keshishian, 1998; Duch et al., 2000).
In both Manduca and Drosophila, the muscle influences
spects of motoneuron terminal development, such as the
ormation of fine terminal branches (Fernandes and Kesh-
shian, 1998; Truman and Reiss, 1995) and localization of
elease sites (Consoulas and Levine, 1998). Also, cellular
nteractions between motoneurons and the developing
dult muscles are required for the proliferation of the
uscle precursors and subsequent muscle growth (Consou-
as and Levine, 1997; Hegstrom and Truman, 1996; Bayline
t al., 1998; Fernandes and Keshishian, 1998; Currie and
ate, 1995). Coculture experiments demonstrate that close
ssociation between motoneurons and muscle precursor
0012-1606/01 $35.00
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349Nerve–Muscle Interactions during DLM Developmentcells is necessary for this effect (Luedeman and Levine,
1996). Additionally, innervation may also be required for
proper myoblast accumulation in developing adult muscles.
In the developing Manduca leg, innervation is necessary for
the accumulation of myoblasts (Consoulas and Levine,
1997), although innervation is not required for myoblast
accumulation during flight muscle development in Dro-
sophila (Fernandes and Keshishian, 1998). One possible
explanation for this difference is that leg muscles develop
de novo, while the dorsolongitudinal flight muscle develops
from a combination of regressed larval template fibers and
imaginal myoblasts. In Drosophila, the larval templates
might provide the signals necessary for myoblast accumu-
lation. In developing vertebrate muscles, secondary myo-
tube formation during embryogenesis also requires inner-
vation, yet the role of innervation in the accumulation and
partitioning of myoblasts is unknown (reviewed in Dono-
ghue and Sanes, 1994; Hughes and Salinas, 1999).
The mechanism by which myoblasts are partitioned to
different muscles, or to distinct fiber bundles within one
muscle, remains unknown. Transplantation experiments in
Drosophila have shown that at early stages of adult devel-
opment, most myoblasts are not determined to form spe-
cific muscles (Lawrence and Brower, 1982; VijayRaghavan
et al., 1996). If migrating myoblasts are indeed uncommit-
ted, motoneurons may compete to recruit the myoblasts
into an accumulated mass around the motoneuron termi-
nals. Alternatively, uncommitted myoblasts could become
partitioned by the degenerated larval muscle remnants that
comprise the adult muscle templates, or by a subset of
prespecified myoblasts that function as founder cells to
recruit the uncommitted myoblasts (Roy and VijayRagha-
van, 1997; Rivlin et al., 2000).
During metamorphosis in Manduca and Drosophila,
highly specialized flight muscles replace larval thoracic
body wall muscles (Figs. 1A–1B; Rheuben and Kammer,
1980; Fernandes et al., 1991; Duch et al., 2000). The adult
DLM in Manduca is located in the second thoracic segment
and contains five fiber bundles, each of which is innervated
by a single motoneuron (Casaday and Camhi, 1976; Duch et
al., 2000). The four ventral-most bundles are innervated by
four motoneurons located in the prothoracic ganglion,
while the fifth and dorsal-most bundle is innervated by a
motoneuron located in the mesothoracic ganglion (Duch et
al., 2000). Due to its pattern of innervation, it is possible to
partially denervate the developing DLM by sectioning the
nerve containing either the prothoracic or the mesothoracic
motoneurons. This simple experiment addressed several
key issues, including whether a subset of the motoneurons
could direct the development of the entire DLM and
whether myoblast partitioning into the five fiber bundles
required interactions among the myoblasts and the five
motoneurons. This experiment also addressed the regula-
tion of adult muscle size and the influence of the develop-
ing muscle on the growth rate of the motoneuron terminals. 1
Copyright © 2001 by Academic Press. All rightMETHODS
Animals
Larvae and pupae of Manduca sexta were raised in a laboratory
colony housed at the University of Arizona since 1985. Larvae were
grown on artificial diet (Bell and Joachim, 1976) under a 17-h
light–7-h dark photoperiod at 26°C and 60% humidity. Stages were
determined by using both morphological and chronological criteria
(Nijhout and Williams, 1974; Bell and Joachim, 1976; Reinecke et
l., 1980; Tolbert et al., 1983; Consoulas et al., 1996, 1997). In this
paper, we use the following terminology. W0 is the first day of
wandering, and W1 to W4 are the remaining 4 days of wandering
before pupation. The day of pupal ecdysis is P0, and pupal life was
subsequently divided into 18 stages (P1 through P18) corresponding
roughly to days. Pharate adults were taken from stage P18, which
was the day prior to adult emergence.
Surgical Denervations of the Developing DLM
All surgical manipulations were carried out on the second day of
the fifth larval instar. Larvae were anaesthetized under water for at
least 30 min. The larvae were then placed into insect saline
containing a few crystals of phenylthiourea to prevent hemolymph
oxidation. A small incision was made along the ventral midline in
the second thoracic segment (T2) to reveal nerve 1, which contains
the axons of MN1–5 (Duch et al., 2000). One of three different
denervations was then carried out. For complete denervations,
nerve 1 was severed distal to the junction of the pro- and mesotho-
racic nerve branches (Fig. 1C). Partial denervation of the mesotho-
racic or the prothoracic motoneurons required severing either the
mesothoracic or the prothoracic branch of nerve 1, respectively
(Fig. 1C). In all cases, the nerve contralateral to the manipulation
was left intact to provide an internal control. For all of the figures
and analyses carried out in this study, the control data refer to the
contralateral, unoperated hemisegments from the same animals as
the experimental, operated hemisegments. The wound was not
sutured or sealed, since hemolymph loss was minimal, and the
animals were dried and replaced on their normal diet.
Propidium Iodide/Oregon-Green Phalloidin
Histology
Muscle histology was carried out as previously described (Duch
et al., 2000). The dorsal region of segment T2 was fixed in 4%
paraformaldehyde in PBS for 2 h at 4°C. A 0.1 mg/ml solution of
RNase was added for 15 min at 37°C. After rinsing in 0.3% PBST,
the tissue was placed in a solution of Oregon-green phalloidin (0.4
units/ml) for 36 h at 4°C. Propidium iodide (12.5 mM) was added
nd the tissue incubated at RT for 30 min. The tissue was then
insed in PBS, dehydrated through an ethanol series, cleared in
ethyl salicylate, and mounted in Fluoromount (BDH Laboratory
upplies).
BrdU Labeling and Immunohistochemistry
To assess the timing and amount of DNA replication associated
with myoblast proliferation, we used the thymidine analog
5-bromo-2-deoxyuridine (BrdU) as previously described (Duch et
al., 2000; Consoulas et al., 1997). Manduca pupae were anaesthe-
tized on ice and injected with 500 mg BrdU/g body weight. Preciselyh after injections, the dorsal region of T2 was fixed in 4%
s of reproduction in any form reserved.
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350 Bayline, Duch, and Levineparaformaldehyde for 1–2 h at 4°C. After rinsing in PBS, the DNA
was denatured in 2N HCl for 1 h at RT and subsequently rinsed in
1% PBST. The tissue was then blocked in 10% normal goat serum
for 1–2 h at RT and incubated for 36–48 h at 4°C with a mouse
monoclonal anti-BrdU antibody (1:100 dilution; Becton–
Dickinson). After rinsing in 1% PBST, Cy-5-conjugated goat anti-
mouse secondary antibody (1:200 dilution; Jackson Immunore-
search) was added for 24–48 h at 4°C. The tissue was then rinsed in
1% PBST, and a solution of propidium iodide was added for 30 min
as described previously. The tissue was rinsed in PBS, dehydrated
and cleared as described previously, and mounted in Permount
(Fisher).
Anterograde Labeling of Motoneuron Terminals
Conventional nerve filling techniques were used as previously
described (Duch et al., 2000). In most preparations, animals were
injected with BrdU 1 h prior to motoneuron labeling. Pupae were
anaesthetized on ice and dissected along the dorsal midline. The
ganglia were isolated in a vaseline-walled pool with biocytin (4% in
distilled water, Sigma) and incubated for 12–24 h at 4°C. The dorsal
region of T2 was then rinsed and fixed for 1–2 h in 4% paraformal-
dehyde at 4°C. In preparations treated with BrdU, they were
processed for BrdU as previously described. During the application
of the Cy-5-conjugated secondary antibody, a Cy-3-conjugated
streptavidin (1:1000 dilution; Jackson Immunoresearch) was added
and the preparations were incubated 24–36 h at 4°C. The tissue
was washed, dehydrated, cleared, and mounted in Permount as
described.
Confocal Microscopy
Digital images were captured on a Nikon PCM 2000 laser-
scanning confocal microscope using Simple PCI (Compix Inc.) as
image acquisition software. For propidium iodide staining of nuclei
and Cy-3 streptavidin labeling of nerve terminals, a helium–neon
laser with an excitation maximum at 546 nm was used to excite
the dyes, and a long-pass filter (565 nm) was used to acquire the
emitted fluorescing wavelengths. Oregon-green phalloidin stained
preparations were scanned with an argon laser with an excitation
maximum at 488 nm, and the emitted wavelengths captured
through a band-pass filter (515–530 nm). For the BrdU-labeling, a
helium-neon laser with an excitation maximum of 633 nm and a
long-pass filter (650 nm) were used to detect the Cy5-conjugated
antibodies.
Adult Muscle Measurements
To determine the effect of the different denervations on the adult
DLMs, the entire thorax of pharate adult animals was isolated and
fixed for 48 h in alcoholic Bouin’s fixative. After rinsing in 70%
EtOH saturated with LiCO3 to remove the picric acid, a cross
ection through the posterior region of T2 was made and the
ircumference of each muscle fiber bundle was drawn. The camera
ucida drawings were scanned using a UMAX PowerlookIII flatbed
canner, and the cross-sectional area of each bundle was deter-
ined using Sigmascan Pro (Jandel Scientific). The number of
bers was determined by counting the fiber profiles, and the fiber
ross-sectional areas were estimated by measuring all the fibers in
our different regions of each bundle following staining with
regon-green phalloidin.
Copyright © 2001 by Academic Press. All rightBundle Volume Measurements
To measure the volume of the muscle fiber bundles, the entire
DLM template was scanned using a 203 objective centered on the
motoneurons terminals with a z-step of 3 mm. The outline of
bundle 5 in both the control and the denervated hemisegments was
traced in each section over a length of 1048 mm (see Fig. 5 for an
example). The area of each section was calculated with Sigmascan
Pro, and a volume for each section was determined by multiplying
the area by 3 mm (the depth of the section). The sums of the
individual section volumes were calculated to obtain the total
bundle volume.
Nuclear Density Counts
Estimates of the total density of nuclei, density of BrdU-labeled
nuclei, and percentage of labeled nuclei were determined in whole-
mounted preparations labeled with BrdU and propidium iodide as
described above. The preparations were scanned with a 603 oil-
mmersion objective through the entire thickness of the DLM5
nlage, with optical sections taken every 1 mm. The scanned field
was centered on the thickest point of the anlage where MN5
terminals were present. For each preparation, 5 to 11 optical
sections every 10 mm were used for nuclear counts. Since the
verage nuclear diameter was 5 mm and the depth of focus of the
03 lens was approximately 1 mm, no nucleus appeared in more
than one optical section evaluated. Both the total nuclei labeled
with propidium iodide and the proliferating nuclei labeled with
BrdU were counted in a region measuring 690 3 140–210 mm in
each optical section (see Fig. 6 for an example of the optical
sections). The same number of sections and total areas were
counted on both the control and the denervated sides. Averages of
the total number of nuclei, the number of BrdU-labeled nuclei, and
the percentage of proliferating nuclei (number of BrdU-labeled
nuclei/number of total nuclei 3 100) were calculated for both
control and denervated hemisegments.
Motoneuron Terminal Area Measurements
To determine the area covered by the terminals of MN5, projec-
tions of all optical sections of the motoneurons were combined into
a single image. The area of the motoneuron terminals was then
traced using Corel Draw and measured with Sigmascan Pro in the
same manner as with the fiber volume measurements.
Statistical Tests
All statistical analyses performed were paired Student t tests
ssuming equal variance of the samples using Microsoft Excel 4.0.
ignificant differences were based on a calculated P value of less
than 0.05. In all cases of statistical significance, the P values are
listed in the figure legends.
RESULTS
Normal Development of the Dorsolongitudinal
Muscle
In a previous study, we described the normal develop-
ment of the DLM and its innervation during metamorpho-
s of reproduction in any form reserved.
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351Nerve–Muscle Interactions during DLM Developmentsis in Manduca (Duch et al., 2000). Beginning on the second
ay of wandering in the larva (W2), a subset of the muscle
bers in the dorsal region of the second thoracic segment
T2) begins to degenerate, including one fiber in the dorsal
nternal oblique muscle 2 (DIO2) and all fibers in the dorsal
xternal longitudinal muscle (DEL; Fig. 1A). While most of
hese fibers die, a set of five degenerated fibers (one from
IO2, four from DEL) persists and forms the template for
LM development (Fig. 1A). During the degeneration, ex-
rinsic myoblasts migrate to the DLM template. Together,
he degenerated larval template fibers and the extrinsic
yoblasts make up the DLM anlage. By stage P2, the anlage
plits into five discrete bundle anlagen that prefigure the
ve fiber bundles in the adult (Fig. 1B). The DLM is
nnervated by five motoneurons. Four motoneurons
MN1–4) are located on the ipsilateral side of the protho-
acic (T1) ganglion and innervate the four ventral-most fiber
undles (DLM1–4), and the fifth motoneuron (MN5) is
ocated on the contralateral side of the mesothoracic (T2)
anglion and innervates the fifth, dorsal-most fiber bundle
DLM5; Fig. 1C). The axons of MN1–5 join in mesothoracic
erve 1 (Fig. 1C). In the larval stage, MN1–4 innervate the
wo muscles that contribute to the DLM template, DIO2
nd DEL, while MN5 innervates DEL. As the larval tem-
late fibers degenerate, the terminals of MN1–5 retract to
pecific regions within the forming DLM anlage. By stage
0, the retracted terminals are arranged in the anlage such
hat the MN5 terminals are present in the dorsal region of
he anlage, which will form DLM5, and MN1–4 are located
n the ventral region of the anlage, which will form
LM1–4.
The Development of DLM Fiber Bundles Requires
Innervation
The imaginal abdominal muscles of Manduca, which
arise exclusively from regressed larval muscle fibers, can
produce small adult muscles in the absence of innervation
(Hegstrom and Truman, 1996; Bayline et al., 1998). By
contrast, muscles in the developing adult leg, which de-
velop solely from imaginal myoblasts, absolutely require
innervation for their development (Consoulas and Levine,
1997). To determine whether a muscle that develops from a
combination of both larval template fibers and imaginal
myoblasts requires innervation for its development, we
denervated the developing DLM in the larval stages and
allowed the animals to develop into pharate adults. Com-
plete denervation of the developing DLM resulted in ani-
mals devoid of fiber bundles on the denervated side (Fig. 2B).
While the total cross-sectional area of the five muscle
bundles in the control hemisegment increased by roughly
20% compared to unoperated animals (Fig. 2A) and the
bundles crossed the midline into the denervated hemiseg-
ment, all fibers in the control bundles remained on the
same side of a midline trachea (Fig. 2B). During normal
development, Oregon-green phalloidin staining of filamen- d
Copyright © 2001 by Academic Press. All rightous actin in developing DLM muscle fibers was first
bserved at stage P7, or roughly one-third of adult develop-
ent (Duch et al., 2000). However, staining of denervated
emisegments with Oregon-green phalloidin revealed no
uscle fibers in the denervated DLM region (n 5 5). As we
ill describe below, the denervated larval template fibers
egenerate completely by stage P3. Thus, the DLM, similar
o the adult leg muscles, is absolutely dependent upon
nnervation for any muscle development.
Whereas innervation is required for DLM development,
t is unknown whether each developing adult fiber bundle
equires specific interactions with its innervating mo-
oneuron, or whether a subset of the DLM motoneurons
s sufficient for normal DLM development. Following
artial denervation by lesioning either the mesothoracic
Fig. 2C) or prothoracic (Fig. 2D) branch of nerve 1, the
ber bundles that would normally be innervated by the
esioned axons failed to form. By contrast, the bundles
nnervated by the intact motoneurons developed. Al-
hough there was no rescue of the denervated fiber
undles following denervation, the cross-sectional areas
f the bundles adjacent to the denervated region in-
reased following both mesothoracic (Fig. 2C) and pro-
horacic (Fig. 2D) denervation. Following mesothoracic
enervation, DLM5 was absent and the cross-sectional
rea of DLM4 increased to 1.3 times the control bundle
ize (Fig. 2E; P , 0.001). Similarly, following prothoracic
denervations, DLM1– 4 were absent, and DLM5 was 1.6
times larger than in controls (Fig. 2F; P , 0.001). While
he increased size of DLM5 following prothoracic dener-
ation meant that the adult bundle spanned a region of
he dorsal thorax that was greater than normal, its
dentity as DLM5 was verified by the position of the
eveloping anlage as early as stage P0 (see Fig. 4).
Since each muscle fiber bundle is composed of several
undred individual muscle fibers, the increased bundle size
bserved could be generated in two different ways. Either
he larger bundles could contain more fibers, or the indi-
idual fibers within the bundles might be larger. During
ormal development, the individual muscle fibers differen-
iate at stage P7, or roughly one-third of adult muscle
evelopment (Duch et al., 2000). Thus, an increased fiber
umber might suggest that the bundle hypertrophy could
e determined by the time the individual muscle fibers
orm. However, if the fiber numbers are unchanged in the
ypertrophied bundles, then the increase in bundle size
ay occur after the fibers differentiate due to an increased
rowth rate during the last two-thirds of adult develop-
ent. Analysis of DLM5 following prothoracic denervation
evealed that the hypertrophied bundles in the partially
enervated hemisegment contained 1.4 times more fibers
han the contralateral control bundles (Figs. 2G–2H; P ,
.01). The cross-sectional area of the individual fibers was
ot significantly different between the control and the
enervated side (P . 0.1).
s of reproduction in any form reserved.
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352 Bayline, Duch, and LevineLarval Muscle Fibers Degenerate Normally in the
Absence of Innervation
Denervation of the dorsal muscles in T2 did not alter the
FIG. 1. (A) Schematic diagram of the dorsal region of the second
muscle (DEL) and the dorsal internal oblique muscle 2 (DIO2) con
(DLM) and are referred to as the larval template fibers (gray sha
motoneurons innervating the larval template fibers, is also shown.
interior to the DIO2 and DEL muscles, is seen in many subsequent
diagram of the dorsal region of the second thoracic segment (T2) in
of 5 muscle fiber bundles (DLM1–5), each of which is innervate
innervated by one of the four prothoracic motoneurons (MN1–4
Schematic diagram of the pro- and mesothoracic ganglion, demon
motoneurons that innervate the adult DLM, MN1–4 in the prothor
of their axons leave the CNS via nerve 1 (arrow). Three types of den
diagram. Complete denervations were performed by cutting the en
denervations were performed by severing the mesothoracic or proth
bar 5 1 mm.relative timing of larval muscle degeneration. During nor- d
elative to controls (P , 0.005). There is no significant change in the d
Copyright © 2001 by Academic Press. All rightal development, the DLM template fibers began to degen-
rate at stage W3, while the nontemplate fibers innervated
y the same motoneurons did not degenerate until P0, 2thoracic segment (T2) in the larva. The dorsal external longitudinal
tain fibers that will contribute to the dorsolongitudinal flight muscle
ding). The main branch of nerve 1, which carries the axons of all 5
The dorsal internal oblique muscle 1 (DIO1), that is located ventral and
figures. Its fibers are referred to as the nontemplate fibers. (B) Schematic
the adult moth. The dorsal longitudinal flight muscle (DLM) consists
d by a single motoneuron. Each of DLM1–4 muscle fiber bundles is
). DLM5 is innervated by the mesothoracic motoneuron, MN5. (C)
strating the location of the nerve cuts performed in this study. The 5
acic ganglion and MN5 in the mesothoracic ganglion, are indicated. All
ervations that were performed on fifth instar larvae are indicated in the
tire nerve 1 on one side of the animal. Mesothoracic and prothoracicays later (Duch et al., 2000). The timing of the motoneu-FIG. 2. Adult DLM following larval denervation. (A–D) Cross sections through the second thoracic segment (T2) of pharate adults in
control animals (A), and following complete denervation (B), mesothoracic denervation (C), and prothoracic denervation (D). The five
bundles of the DLM are indicated with numbers. In B–D, the denervated hemisegment is to the right, and the asterisk indicates the region
of missing fibers. Following complete denervation (B), the fiber bundles expand across the midline into the denervated hemisegment. Scale
bar 5 1 mm. (E–F) The cross-sectional area of DLM4 following mesothoracic denervation (E; n 5 6) and DLM5 following prothoracic
enervation (F; n 5 9) reveal that the bundle adjacent to the denervated region increased significantly in area relative to the innervated
ontrols (see asterisks; E: P , 0.001 for DLM4; F: P , 0.001 for DLM5). Following mesothoracic denervation (E), there was no significant
ncrease in the sizes of DLM1–3 in the denervated hemisegment (P . 0.1 for all bundles). (G) Confocal image of a cross section through T2
f an adult DLM following prothoracic denervation. The muscle fibers were stained with Oregon-green phalloidin to reveal fiber numbers
nd areas within DLM5. Scale bar 5 200 mm. (H) The number of fibers in DLM5 following prothoracic denervation is significantly increasediameters of the individual muscle fibers (n 5 5; P . 0.1).
s of reproduction in any form reserved.
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354 Bayline, Duch, and Levineron terminal regression was correlated with the regression
of the muscle fibers (Duch et al., 2000). Thus, the prema-
ure removal of innervation from all fibers might cause the
FIG. 3. Confocal micrographs of DLM following complete denerv
to the right. In denervated panels, anterior is to the left. (A–B) Label
Oregon-green phalloidin (Ph, green) at stage P0 in control (A) an
denervated nontemplate fibers contain filamentous actin at P0, as
devoid of filamentous actin (arrows). Large accumulations of myobl
they are absent from the denervated side (B). (C–D) BrdU labeling a
DLM anlage (see inset). In the denervated DLM anlage (D), only a fe
(see inset). (E–F) Propidium iodide labeling of all nuclei and BrdU l
nuclei that are proliferating (see inset). The DLM anlage has split in
are present in this image. The denervated template fibers (F) contai
stage P0. Scale bars 5 50 mm; insets 5 25 mm.imultaneous regression of both the template and the v
Copyright © 2001 by Academic Press. All rightontemplate fibers. However, this was not the case. At
tage P0, while the template fibers in both the control and
he denervated hemisegments had regressed and were de-
s. Dorsal is at the top of the diagram. In control panels, anterior is
f nuclei with propidium iodide (Pi, red) and filamentous actin with
nervated (B) hemisegments. Phalloidin staining reveals that the
e control fibers (arrowheads). At this stage, the template fibers are
uclei (red) are seen in the DLM anlage on the control side (A) while
ge P0. Control animals (C) contain many proliferating cells in the
clei incorporate BrdU within the degenerated larval template fibers
ng (insets) at stage P2. The control anlage (E) has high densities of
e 5 bundle anlagen at this stage, and 3 anlagen (numbered arrows)
latively low density of nuclei, and very few are proliferating, as atation
ing o
d de
do th
ast n
t sta
w nu
abeli
to th
n a reoid of filamentous actin, the nontemplate fiber bundles
s of reproduction in any form reserved.
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355Nerve–Muscle Interactions during DLM DevelopmentFIG. 4. Confocal images of the DLM anlage following prothoracic denervation. Dorsal is at the top of the diagram. In control panels,
nterior is to the right. In denervated panels, anterior is to the left. (A–B) Nerve 1 fill (red) and BrdU labeling (green) at stage P0. In the control
anels (A), all 5 motoneurons are detected branching over the entire DLM anlage. MN5 terminals (arrows) occupy the most dorsal region
f the anlage. Proliferating anlage nuclei are clustered around all 5 motoneuron terminals. In the denervated panel (B), MN5 is still present
n the dorsal region of the anlage, leaving the ventral anlage region (asterisk) denervated. Proliferating DLM precursor cells are only
lustered around MN5 and are not detected in the denervated region. (C–D) BrdU labeling at stage P0 reveals the large accumulation of
roliferating cells in the control DLM anlage (C), and the absence of proliferating cells surrounding the denervated ventral template fibersD). In the denervated panel, the asterisk indicates a denervated larval template fiber where no labeling is detected. The arrows in both
Copyright © 2001 by Academic Press. All rights of reproduction in any form reserved.
356 Bayline, Duch, and Levinestill contained filamentous actin and were beginning the
process of degeneration (Figs. 3A–3B). Thus innervation
does not determine the pattern of regression of the template
and nontemplate fibers. However, the possibility that de-
nervation caused a subtle change in the timing of denerva-
tion was not investigated.
Myoblast Accumulation in the DLM Anlage
Requires Innervation
There are several mechanisms by which innervation
could regulate the development of the adult DLM. First,
innervation could be required for the normal proliferation
of myonuclei within the muscle template, as has been
shown in the developing leg (Consoulas and Levine, 1997)
and abdomen (Hegstrom and Truman, 1996; Bayline et al.,
1998). In addition, innervation may be required for the
proper accumulation of myoblasts. Denervation of the
developing adult leg muscles in Manduca prevents the
accumulation of myoblasts during the initial stages of adult
development, while denervation after the formation of the
muscle anlagen blocks the further proliferation of myonu-
clei (Consoulas and Levine, 1997). In contrast, in Drosoph-
ila, denervation of the developing DLM has little effect on
accumulation (Fernandes and Keshishian, 1998). In the
Manduca DLM, there was a large accumulation of cells
extrinsic to the larval templates in the DLM anlage by stage
P0 (Fig. 3A; Duch et al., 2000). However, although the
regressed template fibers were still present, little myoblast
accumulation was detected in the completely denervated
DLM anlage at this stage (Fig. 3B). Thus, innervation is
required for myoblast accumulation during DLM develop-
ment in Manduca. Additionally, myonuclei within the
DLM anlage proliferated at a high rate in the control
hemisegments (Fig. 3C, see inset), whereas few proliferating
myonuclei were detected in the larval template fibers
within the denervated anlagen (Fig. 3D, see inset). By stage
P2, whereas the control DLM anlage contained a large
accumulation of proliferating nuclei and had split into the
five individual bundle anlagen (Fig. 3E), there was little
myoblast accumulation or myonuclear proliferation in the
denervated DLM anlage (Fig. 3F). After stage P2, the absence
of BrdU labeling and propidium iodide labeling of nuclei in
the region of the DLM anlage demonstrated that the dener-
vated template fibers had degenerated completely.
panels indicate the dorsal region of the anlage that is innervated b
the control panel (E), the normal pattern of innervation and splittin
anlage. In the denervated panel (F), only MN5 terminals are presen
the DLM anlage are detected in all innervated bundle anlagen. Th
BrdU labeling at stage P2 reveals the proliferation of myonuclei in
the template fibers are present (asterisks), but proliferating myonu
of proliferating nuclei. See insets for selective enlargements. Scale bars
Copyright © 2001 by Academic Press. All rightIndividual Muscle Fiber Bundles Require Specific
Innervation for Their Development
Between stages W2 and P0 in Manduca, the larval tem-
plate fibers regress and the larval motoneuron terminals
retract. The retraction of the motoneurons occurs in a
precise manner, such that the retracted MN5 terminals lie
dorsal to the MN1–4 terminals within the DLM anlage
(Duch et al., 2000). The regional specification of the re-
gressed motoneuron terminals may require that the mo-
toneurons recognize specific regions of the DLM anlage or
depend upon interactions among the five motoneurons.
Therefore, animals were examined in the early stages of
metamorphosis following prothoracic denervation. This
treatment resulted in a DLM anlage that was innervated by
a single motoneuron, MN5, at all stages. There was no sign
of regrowth of the severed motor axons, or ectopic innerva-
tion from other motor axons, at any stage (see Figs. 4B and
4F). In the absence of innervation from MN1–4, the timing
and amount of regression of MN5 terminals was normal.
Regression began at stage W2 and was complete by stage P0.
By the end of this period of regression, the MN5 terminals
innervated only the dorsal region of the DLM anlage in both
control and denervated hemisegments P0. The ventral re-
gion of the anlage still contained the regressed template
fibers, but no nerve terminals were present in this region
(Figs. 4A–4B). At stage P2, when the DLM anlage splits into
5 bundle anlagen, the terminals of MN5 still occupied only
the DLM5 anlage in both control and denervated hemiseg-
ments, while the ventral anlagen contained only the re-
gressed larval template fibers (Figs. 4E–4F). Thus, the
DLM1–4 did not receive innervation from MN5 in the
absence of MN1–4, even though the axon has access to this
region of the DLM anlage.
Myoblast accumulation also proceeds during this phase
of metamorphosis in a nerve-dependent manner. It is un-
clear, however, whether myoblasts will accumulate in
denervated DLM1–4 anlagen when the neighboring DLM5
anlage remains innervated. Following prothoracic denerva-
tion, the large accumulation of myoblasts that normally
encompassed MN1–5 terminals was only present around
MN5 terminals (Figs. 4A–4B). While proliferating myonu-
clei were detected in large amounts throughout the con-
tralateral control DLM anlage at stage P0, they were only
present around the MN5 terminals in the partially dener-
vated anlage (Figs. 4C–4D). By stage P2, when the control
5. (E-F) Nerve 1 fill (red) and BrdU labeling (green) at stage P2. In
the bundle anlagen is detected. MN5 (arrow) innervates the DLM5
ow), and only the DLM5 anlage is detected. Proliferating nuclei in
nervated region (asterisk) contains few proliferating nuclei. (G–H)
ve control DLM bundle anlage (G). In the denervated anlagen (H),
are absent. Only the DLM5 anlage (arrow) contains high densitiesy MN
g of
t (arr
e de
the fi
clei5 100 mm; insets 5 25 mm.
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357Nerve–Muscle Interactions during DLM Developmentanlage had split into five bundle anlagen, only one bundle
anlage on the denervated side, DLM5, contained a large
accumulation of proliferating myonuclei. Little prolifera-
tion of myonuclei could be detected within the regressed
larval template fibers in the denervated anlagen (Figs.
4E–4H). Thus, the DLM1–4 anlagen following prothoracic
denervation appeared qualitatively similar to the entire
DLM anlage following complete denervation (compare Fig.
4D to Fig. 3D). All of the larval template fiber fibers within
the denervated anlagen degenerated completely by stage P3.
Myoblast Accumulation around MN5 Increases in
the Absence of Adjacent Motoneuron Terminals
Following partial denervation of the DLM, the innervated
bundle anlagen that were adjacent to the denervated region
developed into larger muscle fiber bundles than in control
hemisegments (see Fig. 2). There are two potential mecha-
nisms by which this could occur. First, the anlage of the
hypertrophied bundle could acquire more myoblasts at the
onset of adult development. Second, the bundle anlage
could begin development with the same complement of
myoblasts, but could then undergo an increased growth rate
during development. To distinguish between these two
possibilities, the development of DLM5 was monitored
following prothoracic denervation. Beginning at stage P0,
the volume of the DLM5 anlage in the denervated hemiseg-
ment was consistently more than 1.5 times larger than the
contralateral control anlage (Fig. 5). In the adult, the cross-
sectional area of DLM5 in the denervated hemisegment was
1.58 times larger than in the control hemisegment (Fig. 2F).
Thus, there was no increase in the growth rate of the anlage
on the denervated side. The denervated and internal control
DLM5 grew in volume by 3.14 and 3.54 times, respectively,
between P0 and P3. Thus, the increased size of the adult
DLM5 following prothoracic denervation is due to an in-
creased accumulation of myoblasts as early as stage P0.
Whereas the DLM5 anlage is already larger at stage P0
following prothoracic denervation, there may also be a
change in the proliferation rate of the myonuclei. To
determine whether there was any change in the prolifera-
tion rate of myonuclei in the DLM5 anlage following
prothoracic denervation, we estimated the density of both
total and BrdU-labeled myonuclei, and calculated the per-
centage of labeled nuclei, in the anlagen between P0 and P3
(Fig. 6A). There were no significant differences in the
density of either BrdU-labeled myonuclei or total myonu-
clei in the DLM5 anlage between the internal control and
the denervated hemisegments at stages P0 and P2/P3 (Fig.
6B). As a result, there was no difference in the percentage of
BrdU-labeled myonuclei at these stages. At P0, 20.4 6 2.3%
f the myonuclei the denervated hemisegment and 19.7 6
.0% of the myonuclei in the control hemisegments were
abeled with BrdU, while at P2/P3, the proportions were
4.3 6 2.2 and 21.5 6 2.5% in the denervated and control
emisegments, respectively (Fig. 6C). Thus, the increase in
ize of DLM5 following prothoracic denervation cannot be
Copyright © 2001 by Academic Press. All rightxplained by an increase in the proliferation rate of the
yonuclei in the hypertrophied bundle anlage, but is solely
ue to the increased accumulation of myoblasts around the
N5 terminals.
The Growth Rate of Motoneuron Terminals Is
Dependent upon Fiber Bundle Size
In addition to the effect upon the size of the muscle fiber
anlagen, we also investigated whether partial denervation
affected the growth of the motoneuron terminals. As previ-
ously described, prothoracic denervation had no effect on
the timing, degree, or location of MN5 terminal regression
through stage P0 (Fig. 7A–7D). In addition, MN5 terminals
did not sprout into the denervated region. Thus, the target-
FIG. 5. Size of the DLM5 anlage following prothoracic denerva-
tion. (A–B) Representative optical sections from a P3 animal
demonstrating differences in the DLM5 anlage volume between the
control (A) and denervated (B) hemisegments. The area measured in
the anlage is outlined and highlighted in both panels. The termi-
nals of MN5 detected in this example are indicated (arrows). Scale
bar 5 100 mm. (C) Plot of the DLM5 anlage volume in control
white) and denervated (gray) hemisegments between stages P0–P3.
olumes were estimated from confocal stacks of individual images
f the DLM anlage labeled with BrdU. The ratio of the volume of
he DLM5 anlage on the denervated vs. innervated hemisegments
s also represented (black bars; right y axis). The anlage areas
ncrease in volume with each stage, but the relative volume of the
LM5 anlage following prothoracic denervation remains at least
.5 times greater than in the controls. (P0: P , 0.005; P2: P , 0.05;
P3: P , 0.05; n 5 4 for all stages).ing of the motoneuron terminals to the specific muscle
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightbundle anlagen is not regulated by interactions between the
terminals during the regression or growth phases. However,
the larger adult fiber bundle might require that the mo-
toneuron terminals grow over a larger region. During nor-
mal development, terminal growth and expansion normally
began at early stage P2, around the time of anlage splitting
(Fig. 7E–7H; Duch et al., 2000). At these early stages, the
size of the MN5 terminals in the DLM5 anlage was unaf-
fected by prothoracic denervation (Fig. 8), although the size
of the DLM5 anlage in the denervated hemisegments was
already significantly larger than in the control hemiseg-
ments. Following prothoracic denervation, growth of the
MN5 terminals also began in stage P2 as in controls (Figs.
7E–7L). However, once growth started, the MN5 terminals
in the hypertrophied bundle anlage grew at a faster rate. By
stage P3, the terminals in the hypertrophied bundle anlage
were 2.5 times larger than the control MN5 terminals (Figs.
7M–7P and 8). Thus, in the absence of MN1–4 and DLM1–4
anlagen, and in the presence of a hypertrophied DLM5
anlage, the initial growth rate of the MN5 terminals in-
creased.
DISCUSSION
This study takes advantage of the innervation pattern of
the developing DLM in Manduca to reveal new information
about nerve–muscle interactions during adult muscle de-
velopment. Removing a subset of motoneurons that inner-
vate the developing DLM reveals that there is a precise
recognition between individual motoneurons and specific
fiber bundle anlagen within the developing DLM. Also, the
motoneuron terminals can attract myoblasts to accumulate
within their developing muscle anlage. The number of
myoblasts that can accumulate in an anlage is variable and
determines the eventual size of the adult muscle. There-
fore, the size of the bundle anlage is not prespecified by
either the motoneuron or the larval template fibers, and at
least a subset of the myoblasts remain uncommitted prior
to the formation of the different bundle anlage. In addition,
the innervating motoneuron extends processes faster over
of labeled nuclei presented in the subsequent graphs. Scale bar 5 25
mm. (B) Plots of the density of BrdU-labeled nuclei in control (black)
and prothoracic-denervated (dark gray) fifth bundle anlagen, and
total nuclear density in control (light gray) and prothoracic-
denervated (white) fifth bundle anlagen at P0 (n 5 4) and P2/3 (n 5
). There was no significant difference in the densities of either
otal nuclei (P0: P . 0.5; P2/3: P . 0.1) or BrdU-labeled nuclei (P0:
P . 0.8; P2/3: P . 0.2) at either stage. (C) Plot of the percentage of
abeled nuclei detected at P0 (n 5 4) and P2/3 (n 5 4). As with the
ensities of labeled and total nuclei, there was no significant
ifference in the percentage of labeled nuclei between the control
nd denervated hemisegments at either stage (P0: P . 0.7; P2/3: P .FIG. 6. Density of BrdU-labeled and total nuclei in the DLM5
anlage following prothoracic denervation. (A) Representative opti-
cal sections from a P3 animal showing both BrdU-labeled nuclei
(left) and total nuclei labeled with propidium iodide (right) from
both control (top) and denervated (bottom) hemisegments. Counts
obtained from individual optical sections were used to estimate the.1).
s of reproduction in any form reserved.
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Copyright © 2001 by Academic Press. All rightthe hypertrophied bundle anlage. Thus, the growth rate of
the motoneurons is regulated by the size of the developing
target muscle anlage.
Nerve–Muscle Interactions Specify Innervation
of Fiber Bundles Precisely
In the developing adult flight muscle system, the five
DLM motoneurons must be respecified from their larval
muscle targets to innervate a novel muscle with distinct
physiological properties. The functional properties of the
motoneurons also change during metamorphosis (Duch and
Levine, 2000). The pattern of innervation of the five mo-
toneurons also differs between the larva and the adult. In
the larva, fibers in the DEL muscle receive innervation from
more than one motoneuron, whereas in the adult, each
bundle receives innervation from a single motoneuron
length of the muscle fibers. Only MN5 terminals in the DLM5
anlage are present in the denervated hemisegment (F). There is no
detectable different in the sizes of the MN5 terminals between the
control (G) and denervated (H) hemisegments at this stage. (I–L)
Stage P2–late. At this stage, the terminals of MN1–4 in the control
hemisegment (I) are beginning to extend along the length of the
DLM bundle anlagen. This is the first stage where the MN5
terminals in the denervated hemisegment (J, L) appear larger in area
than in the control hemisegments (I, K). (M–P) Stage P3. The
terminals of all motoneurons in the control hemisegment (M) have
extended significantly along the length of the muscle fibers. In the
denervated hemisegment (N, P), the terminals of MN5 are signifi-
FIG. 8. Plot of relative size of the MN5 terminal area following
prothoracic denervation as compared to control sizes. Between P0
and P2–early, there is no significant increase in the area of the
MN5 terminals in the denervated hemisegment. By P3, when the
terminals of the motoneurons are extending along the length of the
fiber bundles, the area of the MN5 terminals from the denervated
hemisegments has increased to more that 2.5 times the area of the
control terminals. (P0: P . 0.9; P2–early: P . 0.15; P3: P , 0.05; n 5
3 for all stages).FIG. 7. Confocal images of whole-mounted DLM anlagen follow-
ing prothoracic denervation demonstrating size of the MN5 termi-
nals at different stages. In all color panels, motoneuron terminals
from control and denervated hemisegments are shown in green,
and BrdU (A–L) or propidium iodide (M–P) labeled muscle nuclei
are shown in red. Insets show higher magnification of the MN5
terminals from the control (left) and denervated (right) hemiseg-
ments. (A–D) Stage P0. The control (A, C) and denervated (B, D)
MN5 terminals have retracted to the center of the DLM5 anlage.
There is no difference in the sizes of the MN5 terminals. (E-H)
Stage P2–early. At this stage in the control hemisegment (E), the
DLM anlage has split into 5 bundle anlagen, but the terminals forcantly larger than the control terminals (M, O). Scale bars 5 50 mm.
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360 Bayline, Duch, and Levine(Duch et al., 2000). Thus, the interactions between the
otoneurons and their target muscles must change during
etamorphosis. Partial denervation demonstrated that the
especification of motoneurons to their developing adult
uscle targets does not require interactions among the
ifferent motoneurons. When the terminals of MN1–4 were
emoved, leaving MN5 the sole innervating motoneuron of
he larval template fibers, the MN5 terminals still retracted
ormally and maintained their precise innervation of the
LM5 anlage, even though the template fibers underlying
LM1–4 anlagen were still present. Consequently, devel-
ping adult muscles may provide specific signals that are
ecognized by the motoneurons to specify the innervation
attern, just as the precise matching of motoneurons to
heir target muscles during embryonic development in
nsects (Winberg et al., 1998; Rose and Chiba, 2000) and in
vertebrates (Rafuse et al., 1996) is regulated by signals from
the developing muscles.
Motoneurons Provide a Signal for Myoblast
Accumulation
During DLM development, myoblasts accumulate
around the degenerated template fibers, and this accumu-
lation requires the presence of the motoneuron. While the
source of the myoblasts in lepidopterans remains unclear, it
has been shown in several species that myoblasts migrate to
the DLM template fibers, proliferate, and fuse with the
larval template fibers to form the adult DLM (Nu¨esch,
1985; Lebart-Pedebas, 1990; Duch et al., 2000). Similarly in
vertebrates, myoblasts migrate from the somites to the sites
of the developing muscles (reviewed in Donoghue and
Sanes, 1994; Hughes and Salinas, 1999). While it is known
that innervation is required for the proper development of
vertebrate limb muscle during secondary myogenesis in the
embryo (Fredette and Landmesser, 1991; Wilson and Harris,
1993; Hughes and Salinas, 1999), the role of innervation in
the accumulation of secondary myoblasts has not been
determined. In the developing Manduca leg, the accumula-
ion of myoblasts requires innervation (Consoulas and
evine, 1997). However, in the developing DLM of Dro-
ophila, innervation is not required for initial myoblast
ccumulation (Fernandes and Keshishian, 1998). One pos-
ible reason for the difference is that, unlike the DLM, the
dult leg muscles do not have a contribution from degener-
ted larval template muscles (Consoulas et al., 1997). It is
ossible that, in the absence of the nerve, the larval DLM
emplate fibers could provide the signals necessary for
yoblast accumulation. However, the results of this study
how that the developing Manduca DLM, similar to the leg
uscles, is absolutely dependent upon the nerve for myo-
last accumulation.
The motor axon may play a general guidance role for the
igrating myoblasts, with local cues from either the epi-
ermis or the larval template fibers determining the site of
yoblast accumulation. This hypothesis is unlikely, how-ver, since the denervated larval template fibers were not i
Copyright © 2001 by Academic Press. All rightufficient to attract myoblasts that had migrated into the
egion of the developing DLM. Following prothoracic de-
ervation, myoblasts accumulated exclusively around the
N5 terminal tuft in the DLM5 anlage, even though the
otor nerve containing the axon of MN5 still spanned the
emplate fibers for the DLM1–4 anlagen. Thus, the re-
racted nerve terminals may provide a diffusible attractive
ignal for myoblast accumulation. Alternatively, the myo-
lasts may require specific interactions with individual
otoneurons for the formation of each muscle fiber bundle.
he recruitment of additional myoblasts into the DLM5
nlage following partial denervation suggests, however,
hat at least some myoblasts were not dependent upon the
N1–4 axons exclusively.
Motoneurons Influence Myoblast Partitioning and
Muscle Bundle Size
Once the myoblasts have migrated to the DLM template
fibers, they must be partitioned to form the five different
bundle anlagen. During insect embryonic development, the
accumulation of myoblasts and the determination of the
size and properties of the muscle fibers is controlled by the
identities of individual muscle founder, or pioneer, cells
(Ball and Goodman, 1985; Bate, 1990; Ruiz-Gomez et al.,
1997; Nose et al., 1998; Jagla et al., 1998; reviewed in
bmayr et al., 1995; Paululat et al., 1999). It has been
ypothesized that founder cells of adult muscle fibers may
lso exist (Roy and VijayRaghavan, 1997; Rivlin et al.,
000). However, it is not known whether presumptive adult
uscle founder cells determine the distinct properties or
he size of the adult muscle. In the developing DLM, the
otoneurons regulate the partitioning of myoblasts into
ifferent developing muscle fiber bundles. When MN1–4
re absent, a greater number of myoblasts accumulate
round the MN5 terminals than in control DLM anlagen.
hus, the number of myoblasts that accumulate to produce
specific muscle bundle anlage is not predetermined by a
uscle founder cell. Instead, the motoneurons act to cap-
ure uncommitted myoblasts into the developing bundle
nlagen, and the number of myoblasts captured by the
otoneuron terminals determines the size of the adult fiber
undle. While this study does not rule out the existence of
dult muscle founder cells that may specify properties other
han myoblast accumulation and muscle size, these results
re supported by findings from transplantation studies in
rosophila indicating that the fates of at least a subset of
he imaginal myoblasts are not predetermined to form
pecific muscles, or muscle fiber bundles (Lawrence and
rower, 1982; VijayRaghavan et al., 1996).
The increase in the number of accumulating myoblasts in
he DLM5 anlage in the absence of MN1–4 leads to the
ypertrophy of the adult muscle bundle. Since the prolif-
ration rate of myonuclei was not altered in the larger
uscle anlage, the initial amount of myoblast accumula-
ion around the motoneuron terminals is the critical factor
n determining the proper size of the adult DLM. Similarly,
s of reproduction in any form reserved.
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361Nerve–Muscle Interactions during DLM Developmentin Drosophila the reduction of the myoblast pool by killing
subset of proliferating myoblasts with hydroxyurea leads
o the generation of smaller muscles (Broadie and Bate,
991; Taylor and Knittel, 1995). Thus, the determination of
uscle size requires the recruitment of the proper number
f myoblasts. Variation of the myonuclear proliferation
ates is less important in regulating muscle size.
Nerve–Muscle Interactions Do Not Influence the
Timing of Larval Muscle Breakdown
While myoblast accumulation, motoneuron targeting,
and muscle growth are critically dependent on interactions
between the motoneurons and developing muscles, degen-
eration of the larval muscle fibers occurs independently of
such interactions. At the onset of metamorphosis in
Manduca, many of the larval muscles degenerate. This
degeneration occurs in two waves. The first wave begins at
stage W2, shortly after the onset of metamorphosis, and
occurs in the thoracic legs and abdominal prolegs (Consou-
las et al., 1997; Weeks and Truman, 1985). The second wave
begins following the onset of pupation and includes most of
the abdominal body wall muscles (Thorn and Truman,
1989; Hegstrom and Truman, 1996; Bayline et al., 1998). In
the dorsal region of T2, fibers degenerate during both the
first and the second waves. The larval fibers of the DIO2
and DEL muscles that form the DLM template fibers
degenerate during the first wave, whereas adjacent muscle
fibers that die in DIO1 and DIO2 break down during the
second wave (Duch et al., 2000). The DLM motoneurons
nnervate larval muscle fibers that degenerate differentially,
uring the first and second waves. However, as with the leg
Consoulas and Levine, 1997) and abdominal muscles
Weeks and Truman, 1985; Bayline et al., 1998), the deter-
ination of the proper degeneration wave for the different
uscles was not influenced by the motoneurons. Since
oth waves of degeneration are triggered by an elevated titer
f the steroid hormone 20-hydroxyecdysone during the
andering stages (Weeks and Truman, 1985; Hegstrom and
ruman, 1996), the different fibers may respond differently
o the increase in hormone titer. These different responses
ould be triggered by differential expression of ecdysteroid
eceptor genes (Robinow et al., 1993; Hegstrom et al., 1998).
n the developing DLM, neighboring larval fibers innervated
y the same motoneurons undergo degeneration at different
imes. Thus, the timing of degeneration in response to
ormonal signals may depend upon the identities of the
ndividual muscle fibers, which are likely specified during
mbryonic development, as in Drosophila (Abmayr et al.,
995; Paululat et al., 1999).
Muscle Anlage Size Influences the Rate of
Motoneuron Terminal Growth
During adult muscle development in insects, the mo-
toneuron terminals retract from the degenerating larval
muscles during the initial stages of metamorphosis
Copyright © 2001 by Academic Press. All rightHeinertz, 1976; Truman and Reiss, 1995; Consoulas et al.,
996; Duch et al., 2000). Subsequently, the terminals of the
otoneurons regrow over the developing adult muscles
Heinertz, 1976; Truman and Reiss, 1995; Consoulas et al.,
996; Fernandes and Keshishian, 1998; Duch et al., 2000). In
he present study partial denervation of the DLM anlage,
eaving MN5 intact, had no effect on the timing or amount
f terminal retraction, suggesting that motoneuron regres-
ion occurs independently of changes in the size of the
nlage. Our results suggest, however, that the size of the
arget regulates the rate of terminal outgrowth. The larger
LM5 anlage following prothoracic denervation caused
aster growth of the developing MN5 terminals. There is
lear evidence for retrograde influences on motoneuron
erminal growth in embryonic and larval Drosophila (Wan
t al., 2000; Davis et al., 1997; Winberg et al., 1998).
Additionally in the mouse, the growth of both the sterno-
mastoid muscle and the male bulbocavernosus muscle
influences the size of the innervating motoneuron termi-
nals (Balice-Gordon and Lichtman, 1990; Balice-Gordon et
al., 1990). Our results support earlier suggestions that
signals from the developing adult muscle also influence
terminal outgrowth during metamorphosis (Truman and
Reiss, 1995; Fernandes and Keshishian, 1998).
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